The effects of CO 2 and salt type on the interfacial tension (IFT) between crude oil and carbonated brine (CB) have not been fully understood. This study focuses on measuring the dynamic IFT between acidic crude oil with a total acid number of 1.5 mg KOH/g and fully CO 2 -saturated aqueous solutions consisting of 15,000 ppm of KCl, NaCl, CaCl 2 and MgCl 2 at 30 °C and a wide range of pressures (500-4000 psi). The results of IFT measurements showed that solvation of CO 2 into all the studied aqueous solutions led to an increase in IFT of acidic crude oil (i.e., comparison of IFT of crude oil/CB and crude oil/brine), while no significant effect was observed for pressure. In contrast, the obtained results of studied salts indicated a positive effect on the IFT reduction of acidic crude oil/carbonated water (CW) (i.e., comparison of IFT of crude oil/CB and crude oil/CW).
Introduction
In recent years, severe environmental problems and global warming, due to the accumulation of carbon dioxide (CO 2 ) in the atmosphere, lead to the development of various technologies for the capturing and storage of CO 2 (Abbaszadeh et al. 2016; Ahmadi et al. 2016a; Godec et al. 2013; Li et al. 2008; Zhao et al. 2010) . In this way, injection of CO 2 into petroleum reservoirs was proposed which can have the dual effect of global warming mitigation as well as oil recovery enhancement (Godec et al. 2013; Lashkarbolooki et al. 2016d; Luo et al. 2012; Riazi et al. 2011 ). For conventional CO 2 injection, high mobility and gravity segregation lead to a low sweep efficiency and consequently lead to lower oil recovery performance (Dang et al. 2016; Shakiba et al. 2016; Sohrabi et al. 2012) . In other words, the poor sweep efficiency of direct CO 2 injection indicates a lower CO 2 storage capacity as well as economically inefficient enhanced oil recovery process. To diminish these problems, an alternative scenario is the injection of CO 2 -enriched brine, i.e., carbonated brine (CB) Riazi and Golkari 2016) . Since CO 2 is dissolved in the brine phase in CB injection and subsequently moves to the oil phase, rather than as a free gas phase during direct injection of CO 2 , a safer CO 2 storage method is provided (Sohrabi et al. 2012) . Moreover, since the injected CW is miscible with the formation of water, the trapped residual oil can easily come in 1 3 contact with CO 2 through mass transfer; this is further aided by the fact that the mobility of CW is much lower than that of gaseous CO 2 . The other desired reason of using carbonated water (CW) is that CW injection requires less CO 2 than conventional CO 2 injection (Riazi 2011) .
Proposing CW injection for secondary and tertiary oil recovery processes dates back more than 60 years (Martin 1951; Saxon Jr et al. 1951 ). Unfortunately, due to its complex nature and considering economic factors, no serious efforts were undertaken based on this process (Holm 1959; Perez et al. 1992; Ramesh and Dixon 1973) till Riazi (2011) renewed the concept of carbonated water injection coupled with its capability not only for the production of higher oil recovery but also for the CO 2 sequestration making it an interesting approach. Understanding the interfacial tension (IFT) behavior of crude oil/CO 2 -enriched brine is essential in ascertaining the migration of fluids in the reservoir. During the past decades, it has been widely reported that pressure had the most significant effect on IFT of crude oil/CO 2 (Bayat et al. 2016; . It was found that the IFT of crude oil/CO 2 dramatically declined with pressure until the minimum miscibility pressure (MMP) reached while the pressure had an insignificant effect on the IFT of crude oil/aqueous solution (Dong et al. 2001; . Among the investigated parameters, salinity showed the most important influence on the IFT of crude oil/aqueous phase, especially for crude oil containing significant natural active agents. The previous study revealed that IFT values of acidic crude oil/ MgCl 2 and CaCl 2 aqueous solutions were lower compared with those obtained for deionized water (DW), NaCl and KCl solutions (Lashkarbolooki et al. 2014) . It was also observed that, in this system, the divalent ions reduced the adsorption time more than monovalent ions (Lashkarbolooki and Ayatollahi 2017) . As CO 2 is dissolved in the brine phase, the IFT of crude oil/CB may significantly change compared to crude oil/CO 2 and crude oil/brine systems. Based on the results reported by Johnson et al. (1952) , Yang et al. (2005) , Riazi and Golkari (2016) and Honarvar et al. (2017) , it can be shown that the IFT of crude oil/CO 2 -enriched water is lower than that of crude oil/water which makes the IFT reduction a property of CB injection (Ahmadi et al. 2016b; Foroozesh et al. 2016; Mosavat and Torabi 2014) . For instance, Riazi and Golkari (2016) and Honarvar et al. (2017) measured the IFT of crude oil/carbonated and noncarbonated brine. They reported that the CO 2 had a positive effect on the IFT of crude oil/brine as the IFT of CB/crude oil was lower than the IFT of crude oil/normal brine because of the dissolution of CO 2 in both crude oil and brine. They also stated that in the unadulterated brine, water molecules are oriented across the surface due to strong hydrogen bonds. In the carbonated system, CO 2 molecules tend to transfer toward the crude oil/ aqueous phase interface as a result of low reactivity toward polar H 2 O molecules. Reduction in the space available for H 2 O molecules and weakening the hydrogen bonds among them lead to an IFT reduction in the crude oil/carbonated system (Honarvar et al. 2017; Riazi and Golkari 2016) . Honarvar et al. (2017) also observed that increasing pressure had a significant influence on the reduction in crude oil/ CB IFT values since the solubility of CO 2 increased in both phases. On the other hand, a comparison of the measured dynamic IFT values for two different types of crude oil by Lashkarbolooki et al. (2017a) revealed that acidic and/or basic ionizations of natural surfactants of the crude oil in the low pH values of carbonated water phase compared to the unadulterated phase were dominant parameters in the IFT. In other words, the IFT of crude oil/CW was a function of the crude oil type. Considering the effect of pH and total acid number of crude oil, they deduced that diffusion of CO 2 in the crude oil hinders the movement and orientation of natural surfactants (especially acidic molecules) at the interface. Accordingly, IFT of acidic crude oil (ACO)/CW was considerably higher than a system with no CO 2 content. Also no relationship was observed between the IFT of crude oil/CW and solubility of CO 2 in the water phase (Lashkarbolooki et al. 2017a ). In addition, Honarvar et al. (2017) observed lower IFT values of crude oil/carbonated sea water compared to carbonated formation brine. They have described this trend based on the higher solubility of CO 2 in seawater compared to the formation of brine (Honarvar et al. 2017) .
Since IFT of carbonated water/acidic crude oil has demonstrated unusual and confusing behavior, this study was designed as the continuation of our previous systematic procedure to find the effect of salt type on the dynamic IFT of ACO/CB. In this regard, the dynamic IFTs of ACO/CO 2 -enriched solutions consisting of 15,000 ppm of NaCl, KCl, CaCl 2 and MgCl 2 were measured and results were compared to those obtained for unadulterated brine without any CO 2 content (Lashkarbolooki and Ayatollahi 2017). In addition, the adsorptions of the mentioned cases which were obtained based on the mono-exponential decay model were compared.
Experimental

Methods and materials
To investigate the effect of ion type on dynamic IFT of ACO/ CW, several aqueous solutions consisting of 15,000 ppm of KCl, NaCl, MgCl 2 and CaCl 2 were prepared. All the salts were purchased from the Merck Company, Germany (purity > 99.9%). The heavy crude oil (API gravity of 21.5º) contained 11 wt% asphaltenes and 13 wt% resins with a total acid number of 1.5 mg KOH/g sample.
IFT measurement apparatus (Vinci technologies)
Axisymmetric drop shape analysis was used to measure the dynamic IFT of crude oil/aqueous phase. This is based on the change of crude oil drop shape on account of interface relaxation. First, a visual cell of the apparatus was filled with brine and fully saturated with CO 2 until an equilibrium was reached at the desired pressure and temperature conditions which were, respectively, adjusted with a accuracy of 0.05 MPa by a manual pump and 0.1 K (with the assistance of a temperature controller). After the preparation of CB in the desired conditions in the visual cell, a crude oil drop was injected into the visual cell with the aid of a steel needle of 0.79 mm outer diameter. The shape of the crude oil drop was analyzed with online Vinci image processing software in order to calculate the dynamic IFT values. In addition, the equilibrium value was reported when no plateau in the IFT curve was observed.
It should be noted that cleaning is one of the most important steps in the IFT measurement procedure. Before each IFT measurement, all parts of the equipment which are capable of being uninstalled were opened and soaked with toluene and n-hexane to remove all the contaminants. In addition, using a hand pump filled with toluene, all the other parts which cannot be uninstalled were rinsed carefully. After that, each part was again rinsed with n-hexane for more than three times to eliminate the contamination of toluene in this stage. After that, the system and its compartments were purged with compressed air to evaporate the n-hexane residue. The other point worth mentioning is that each reported equilibrium IFT value is the average of at least three independent measurements to not only find the most accurate value but also to check the repeatability of the performed procedure for IFT measurements.
Mono-exponential decay model
The mono-exponential decay model was applied to calculate the diffusion adsorption time (τ) from dynamic IFT (γ) (Jeribi et al. 2002; Lashkarbolooki et al. 2016a, b): where t is time, s, and γ 0 and γ eq are the initial and equilibrium IFT, respectively. The adsorption/relaxation time provides a good idea of the characteristic time scale of the IFT variation (Jeribi et al. 2002) .
(1) = eq + 0 − eq e −t
Results and discussion
Evaluation of dynamic IFT of ACO/carbonated
brine consisting of monovalent cation Figure 1 shows the effect of pressure (P) on the dynamic IFT of crude oil and aqueous solutions consisting of 15,000 ppm of NaCl and KCl, which were fully saturated with CO 2 . In both cases, IFTs gradually decreased over time until becoming constant at the equilibrium state, for all the studied pressures. Equilibrium IFTs of both studied CBs decreased as the pressure increased from 500 to 1000 psi; however, they were unaffected by further pressure augmentation. Two concurrent reasons were postulated for the dynamic IFT reduction including the partition of CO 2 molecules from the brine phase toward the oil phase and reorientation and packing of natural surfactants at the interface (Lashkarbolooki et al. 2017a . The acidic and/or basic natural surfactant ionization in the presence of brine and CO 2 molecules at different CO 2 contents may affect the packing of the active agents at the interface which stabilizes the oil/CB IFT. In more detail, a reduction in pH of the aqueous phase due to the existence of CO 2 can increase or decrease the ionization of complex ions between basic or acidic natural surfactants and cations of the studied salts, respectively. To sum up, more ionization of natural surfactants may lead to more IFT reduction. To achieve further insight into the effect of CO 2 on the IFT, dynamic IFT values between ACO and carbonated NaCl and KCl solutions (i.e., CNaCl and CKCl, 15,000 ppm) were compared at 30 °C and 4000 psi (see Fig. 2 ). Two different phenomena can be seen from dynamic IFT values of ACO/carbonated brine consisting of monovalent cations in the presence and absence of CO 2 . In comparison with NaCl and CNaCl, the initial IFT of carbonated brine was more than the straight brine. In addition, the decline in the dynamic IFT of CNaCl was less than that of NaCl which led to a considerable enhancement in the equilibrium IFT of CNaCl compared to NaCl. However, for solutions consisting of KCl, a contradictory pattern was observed. The initial IFT of KCl was more than that of CKCl while a reduction in IFT over time was more considerable for KCl which shifted both systems toward almost the same equilibrium IFT values. One of the most important parameters which may affect the interfacial behavior of the studied systems is the acidity of the aqueous phase due to the dissolution of CO 2 which can reduce the pH of the aqueous phase to about 3 (Ross 1982; Toews et al. 1995) . To separate the direct effect of CO 2 molecules at the interface and its side effect regarding pH reduction, the pH of the aqueous solutions was adjusted to 3.5 using 0.1 M HCl solution and IFTs between the obtained solutions and ACO were measured. The obtained results showed that the reduction in the brine pH had a reverse effect on the equilibrium IFT of 15,000 ppm NaCl and KCl solutions to about 1.8 and 4.4 mN/m, respectively. On the other hand, in the absence of CO 2 , the pH reduction reduced the ionization of acidic If the ionization of natural surfactants was the most significant mechanism, the equilibrium IFT between the KCl solution and ACO should have experienced higher IFT enhancement in the presence of carbonated brine; however, this phenomenon was not observed. These observations proved the competition between ionization of natural surfactants at low pH values and partition of CO 2 from brine toward ACO phases as well as their interfacial interactions which can stabilize the IFT of brine and ACO.
Evaluation of dynamic IFT of ACO/carbonated brine consisting of divalent cations
Dynamic IFTs of ACO/CB consisting of either 15,000 ppm of MgCl 2 or CaCl 2 are shown in Fig. 3 . These figures reveal that for both systems and all the studied pressure conditions, the IFT steadily decreased and finally reached the equilibrium state. As it is well known, increasing pressure makes it possible to solubilize CO 2 molecules in the aqueous phase (see Fig. 4 ) and their partitioning into the crude phase results in crude oil swelling (Lashkarbolooki et al. 2017b Yang et al. 2005) . However, the effect of pressure which supplied from the injected CO 2 on the water and consequently CO 2 content in the brine phase did not show a remarkable IFT variation for solutions containing divalent cations. The effect of CO 2 on the dynamic IFT of carbonated brine consisted of 15,000 ppm of CaCl 2 or MgCl 2 (i.e., CCaCl 2 or CMgCl 2 ) was investigated by comparing the measured dynamic IFTs with the results of a previous study (Lashkarbolooki and Ayatollahi 2017) , which was performed for the same crude oil, brine and under similar operating conditions (i.e., temperature T = 30 °C and pressure P = 1000 psi) (see Fig. 5 (Lashkarbolooki et al. 2014 ), which improves their orientation and packing at the crude oil/brine interface, could be one of the possible reasons for this observation. Comparing the IFT values measured for ACO and 15000 ppm of MgCl 2 and CaCl 2 at low pH value (i.e., 3.5) and neutral conditions showed an increase of about 19.1 and 7.0 mN/m in IFT values for the acidic condition. Therefore, it was confirmed that orientation and packing of natural surfactants disturbed at low pH values were likely due to the interruption of complex ions and the reduction in ionization of acidic components of ACO (with TAN of 1.5 mg KOH/g). In summary, it was deduced that the addition of CO 2 which reduced the acidity of the aqueous phase due to the formation of carbonic acid (Riazi 2011) caused the interruption of complex ions between acidic natural surfactants and divalent cations of Ca 2+ and Mg 2+ , consequently causing a significant increase in IFT values of ACO/ CB compared to IFT of ACO/brine solution.
Equilibrium IFT evaluation of ACO/CB and ACO/ brine
The impacts of pressure and salt type on the equilibrium IFT of ACO/CB were evaluated and are listed in Table 1 . The effect of salt type was more obvious than the effect of pressure. Generally, a negligible IFT reduction was observed as the pressure increased from 500 to 4000 psi for all the studied salts while no specific pattern was observed for equilibrium IFT of ACO/CB. To clear up the effect of salt type on the IFT, variations between equilibrium IFTs of CW and CB (i.e., eq, CW − eq, CB ) as well as those of brine and CB (i.e., eq, B − eq, CB ) are shown in Fig. 6a, b . In the case of the carbonated system (Fig. 6a) , the addition of salts decreased the IFT of CW/ACO while the addition of CO 2 to the brine solutions increased the IFT values (see Fig. 6b ) without their being noticeably affected by pressure. As shown in Fig. 6b , the solution containing K + (i.e., KCl) showed less IFT variation in the presence of CO 2 than the solution containing Na + (i.e., NaCl). It is worth noting that the hydrated radius and enthalpy of hydration of K + (232 pm and −340 kJ/mol) are less than those of Na + (276 pm and −424 kJ/mol) and the apparent charge and ionic mobility of K + (0.82 and 64.5 cm 2 /ohm mol) are higher than those of Na + (0.79 and 43.5 cm 2 /ohm mol) (Barrett 2003; Lashkarbolooki et al. 2017b ). Accordingly, polar natural surfactants had more accessibility to K + compared to Na + which led to better packing of surface active agents in the presence of CO 2 molecules and K + cations. On the other hand, asphaltene and resin molecules which contain heteroatoms in their structures specially O 2− showed high affinity to Mg 2+ cations and the formation of complex ions between them in the neutral conditions (Lashkarbolooki et al. 2014 (Lashkarbolooki et al. , 2016c . However, the reduction in the pH of the aqueous phase due to the addition of CO 2 likely reduced this affinity and consequently enhanced the IFT to its ultimate value for carbonated brine consisting of 15000 ppm of MgCl 2 . To sum up, the lowest and highest IFT variations in the presence of CO 2 were obtained for KCl and MgCl 2 , respectively.
Adsorption time evaluation of ACO/CB and ACO/ brine
The obtained adsorption times of all the studied carbonated aqueous phases are shown in Fig. 7 . For all the studied cases, a reduction in adsorption time can be observed as the pressure increased, likely due to the enhancement of entropy and molecular movement in the presence of CO 2 molecules. Furthermore, the influence of pressure on the adsorption time of the carbonated aqueous phase is depicted in Fig. 8a . The effect of pressure on the adsorption time of the carbonated brine was more considerable in comparison with carbonated water. Therefore, the CW − CB increased as the pressure increased. In addition, the effect of CO 2 on the adsorption time of ACO/CB is shown in Fig. 8b . The results shown in this figure reveal that the presence of CO 2 increased the adsorption time of the carbonated phase, especially for the aqueous solution consisting divalent cations, Ty pe of sa lt P re s s u re , p s i Fig. 7 Effects of salinity and pressure on the adsorption time of ACO and different carbonated brines at 30 °C likely due to complex ions formed between asphaltenes and resins of acidic crude oil and divalent cations although it loosed at low pH values of the carbonated phase. Therefore, their affinity toward the interface decreased which enhanced the time required to reach the equilibrium condition.
Conclusions
The results of dynamic interfacial tension measurements along with dynamic mono-exponential decay modeling of the IFT values for the crude oil consisting of acidic asphaltene and resin fractions and carbonated brine with 15000 ppm of chloride salts including monovalent (i.e., Na + and K + ) and divalent cations (i.e., Mg 2+ and Ca
2+
) are summarized as follows:
• The acidity of the aqueous phase due to the dissolution of CO 2 can reduce the ionization of acidic components of ACO and disturb the proper packing of them at the interface. This phenomenon can increase IFT values of ACO and CB in comparison with unadulterated solution, especially for the salts consisting of divalent cations.
• The higher IFT value of ACO/CMgCl 2 compared with the IFT of unadulterated brine solution supports the idea that the high affinity of Mg 2+ cations toward natural acidic surfactants in the crude oil can be broken at the low pH value of carbonated brine.
• The effect of salt type on the IFT of ACO/CB is more noticeable compared to the effect of pressure. In detail, the addition of CO 2 to the aqueous phase increases the IFT of ACO in the following order: MgCl 2 > DW ≥ NaCl ≥ CaCl 2 > KCl. In addition, pressure enhancement from 500 psi to 1000 psi leads to an increase in eq, CW − eq, CB while further increase in pressure to 4000 psi introduces no significant effect.
• The addition of salts to the carbonated aqueous phase decreases the IFT of ACO/CW while the addition of CO 2 to the brine solutions increases the IFT values in comparison with straight brine solutions.
• The presence of CO 2 leads to an increase in the adsorption time of carbonated phases, especially for aqueous solutions containing divalent cations.
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